Abstract. The high precise thermo-sensors are introduced to the brain-computer interface for data acquirement. The structures, parameters and properties of most recent thermo-sensors are presented in detail. The suitable signal acquisition system is also discussed in this paper.
Introduction
The performance of brain-computer interfaces (BCIs) is limited by numerous factors such as the nonstationary nature of brain signals, limitations of the signal processing and classification methods used and a limited understanding of the underlying cognitive processes [1] - [2] .
Currently, the major recording modalities for BCI are electrophysiological signals. Research by systems neurophysiologists studying motor systems has uncovered how kinematic parameters of movement control are encoded in neuronal firing rates [3] , [4] . Capitalizing on these neuroscience findings, several groups were able to develop real-time, closed-loop, BCI systems capable of multidimensional control [5] . Initially, the system was tested on nonhuman primates [5] , but electrode arrays have also been implanted in several severely disabled individuals for multidimensional control of a computer cursor [6] , [7] or a robotic arm [8] , [9] . Actually, the brain or body temperature is another property reflecting response to stimulation. But it is seldom used in these analyses. In this paper, we will introduce two types of thermo-sensors which is available for the data collection and signal detection in the BCI field.
Thermo-sensor for Signal Detection and Data Collection
Highly Sensitive Microfluidic Chip Sensor for Biochemical Detection [10] Chip calorimetry offers a power tool for fast and high throughput analysis of biochemical process. We will describe the design of a novel, highly sensitive, and continuous flow microfluidic chip sensor with an integrated antimony (Sb)-bismuth (Bi) thin-film thermopile heat detection element.
The device contains a single flow channel that is 120 μm high and 10-mm wide with two fluid inlets and one fluid outlet. An Sb-Bi thin film thermopile is fabricated on the inner surface of the bottom channel wall using thermal evaporation and was passivized with a 3 μm SU-8 photoresist layer.
The sensor can detect dynamic temperature changes in the order of 10 −6 K. The limit of detection of heat power of the device was calculated to be 8.8 pW. With the obtained remarkable sensitivity and heat power detection limit, the microfluidic chip sensor can potentially be used to investigate biochemical processes, such as enzyme-catalysed reactions, and metabolic activity of cells.
Fabrication of Thin Film Thermopile. Thin-film thermopile with antimony (Sb) and bismuth (Bi) metals (Sigma Aldrich, USA) was fabricated using thermal evaporation technique. Sb and Bi metals were chosen because of their higher Seebeck coefficient values 47 and −72 μV K −1 [11] , respectively. Complementary metal shadow masks (Towne Technologies, USA) were used to fabricate the thermopile sensor. First, a Bi layer of thickness 0.8μm with a mask pattern is deposited, and a complementary pattern is aligned and then a Sb layer of thickness 1.2μm is deposited on a glass coverslip. Second, a metal mask with a pattern for the connector leads is also fabricated on the same coverslip by depositing 1.2μm Sb layer. Thickness of each metal layer detailed above was an optimized value based on fabrication conditions such as thermal evaporator, and shadow mask technique. Thermopiles have measuring and reference junction sets ( Figure 1 ). The fabricated thermopiles typically have a resistance of 20 K and showed a Seebeck coefficient of 7.14 μV (mK) −1 .
Microfluidic Chip Sensor (MCS).
A microfluidic chip sensor (MCS) is fabricated by integrating the thermopile on the channel wall of the microfluidic device. A microfluidic device is fabricated by sandwiching a 100 μm thick dual side adhesive tape (kapton.com) between a microscope glass slide (thickness-1.2 mm and thermal conductivity, k-1.05 W m −1 K −1 ) and a microscope glass coverslip (thickness-170 μm and thermal conductivity, k-1.05 W m −1 K −1 ). Before sandwiching, the dual side adhesive tape is cut with a pattern that forms the channel using a Graphtec plotter (Graphtec Inc, USA). Inlet holes (Inlet 1 and Inlet 2) and an outlet hole were pre-drilled onto the microscope glass slide for fluid flow. Two configurations of the microfluidic chip sensors (MCS-1, MCS-2) were fabricated, tested and evaluated. MCS-1 was fabricated with the glass coverslip containing thermopile sensor facing outside of the channel (Figure 2a) . The thermopiles are protected by attaching a 25 μm thick tape to prevent damage due to handling. MCS-2 was fabricated with the coverslip containing thermopile sensor facing the channel (Figure 2b ). Thermopiles were passivized using a 3 μm thick SU-8 (Microchem, USA, thermal conductivity k-0.2 W m −1 K −1 ) photoresist layer to protect from the fluid flow.
Thermal resistance (R) for the reaction generated by the flow in the microfluidic channel to the thermopile for both MCS configurations can be calculated by the following equation [12] :
where: L-thickness of the layer (m), k-thermal conductivity (W m −1 K −1 ), and A-area of the layer (m2). The area for the calculation is the reaction zone area, which is approximately 24 mm 2 (the width of the hydrodynamically focused sample is approximately 4 mm and the length of the thermopile measuring junction's region is 6 mm). The total thermal resistance in the MCS-1 is due to the thermal resistance of the glass coverslip, which is 6.07 K W −1 , and the total thermal resistance in the MCS-2 only the 3 μm thick SU-8 layer which is 0.833 K W −1 . Experimental Setup. The experimental setup ( Figure 3 ) used for this study consists of two syringe pumps, which continuously flow water into the inlets of the MCS. Since the flows are in microscale, mixing happens only at the interface as viscosity dominates compared to inertia. This results in a hydrodynamically focused flow [13] in the center, when fluid is flown in inlet 1 and inlet 2 simultaneously (Figure 4) . Lee et al. [13] derived the relationship for the width of the hydrodynamic flow in rectangular microfluidic channels as the ratio of the inlet flow rates. An injection valve with a 13 μl sample loop is used to inject the sample into the inlet 2 flow for generating a chemical reaction. The inlet 2 flow is hydrodynamically focused into the MCS. The reaction is generated over the measuring junctions of the thermopile, which generates a proportional voltage.
This voltage is detected by a nanovoltmeter (Agilent 34420A, Agilent technologies, USA) and is recorded in a computer. To demonstrate the operation of the MCS, the exothermic nature of glycerol water mixing reaction is utilized. The enthalpies of mixing of water with glycerol over the entire composition range at 298.15 K is determined to be exothermic with a maximum enthalpy of −500 J/mol at molar fraction of 0.5 [14] . 
Signal Acquisition System[15]
Scalp signal has a very low amplitude ( uV) and their noisy nature make it hard to detect them. Another issue is the DC offset of the signal due to electrode-tissue interface. This DC offset is usually 20-50 mV and about 500 times bigger than the signal. Thus, a very low noise, high input impedance and high CMRR (Common Mode Rejection Ratio) instrumentation amplifier is required to amplify these signals and reject the DC offset. As is shown in Figure4, the signal acquisition system is mainly composed of the following parts: the scalp electrodes, the instrumentation amplifier, the passive high-pass filter, the main amplifier, the active low-pass filter, the A/D converter, storage and display. They will be described in detail in the following section.
The Instrumentation Amplifier and the Passive High-Pass Filter. Due to the high impedance of electrode-tissue interface, a voltage follower is added before the instrumentation amplifier. The schematic of instrumentation amplifier and passive highpass filter is shown in Figure 5 .
Instrumentation amplifier AD623 is used as preamplifier. It is an integrated single supply instrumentation amplifier based on a modified classic three op amp approach that delivers railto-rail output swing on a single supply (+3V to +12V supplies). Low-power consumption (1.5mW at 3V), wide supply voltage range, and high CMRR make the AD623 ideal for battery powered medical applications. The gain is set to about 26 dB. It cannot be set to too high because the DC component may be amplified to the saturation state.
To remove the DC offset component from the output of instrumentation amplifier, a passive high-pass filter with 0.05Hz cut-off frequency is adopted. Otherwise, the offset component may saturate the next stage amplifier. The filter is composed of C01 and R04 as shown in The A/D Converter, Storage and Display. In order to reduce the power and complexity of the signal acquisition system, the ultra-low power MSP430F149 microcontroller with 12-bit built-in A/D converters are chosen as the core processor. The sample rate of A/D converter is set to 200Hz through programming. After digitized in the processor, the signals could be viewed in a computer by a wired serial port or stored in the SD(secure digital) memory card. The SD memory card is a flashbased memory card that is specifically designed to meet the security, capacity, performance and environmental requirements. The SD memory card system defines two alternative communication protocols: SD and SPI. In the EEG acquisition system, the SPI protocol adopted as the data transmission speed is not very high, which is about 10 kbps (bit per second).
Conclusion
The thermo-sensor is precise(10 -6 K) for temperature detection so it can be used in the data acquirement in BCIs. AS an auxiliary data for the accurate judgement of mental diseases, it is an efficient and low-cost.
